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ABSTRACT

The Jet Propulsion Lthoratory (JPL) has been involved in cryogenic refrigeration
development for the National Aeronautics and Space AdminisUation (NASA) since 1979. Witi  the
help of NASA, Southern California Gas Company, Ford Automotive, and Aerojet  General, we have
spun off Ma technology for cmnmerciai  air conditioning since 1990. In all, JPL has fabricated and
successfully tested  the following sorption refrigerators: physicai  solid adsorption systems (helium,
nitrogen, krypton, R22, R134a,  and ammonia), chemical solid absorption systems (hydrogen,
nitrogen, and oxygen), and liquid  absorption systems (ammonia and RI 34a). Two hydrogen
cbemisorption  systems for cooling to 10 K (-263 ‘C) and 2S K (-248 “C) are prcsmntly  flight qualified
&nd ready to COOI  detec&m for a NASA Shuttle mission and a Nationai  Science Foundation (NSF)
Balloon Flight.

All of these systems operate on the same b~ic principle of absorbing a refrigerant gas at a
lower temperature, typically near room temperature, and then desorbing,  or venting, the gas at a
much higher pressure when heated an additional 100 to 200 ‘C. Precooking and expansion of the gas
then craatea  refrigeration with essentially no wear-related moving parts.

Of particular intertst are two commercial developmental projects. One system being built by
Aerojet and licensed from JPL/Caltech, is a 7.2-ton solid adsorption air conditioner that will be
installed on a subway train in Los Angeles. This system wili be powered by the waste heat from the
train’a  electro-resistive braking system, and is scheduled for completion in 19%. Another sorption
project being pursued by Ford Automotive and the Soutiern California Gas Company at JPL is the
development of high performance, compact iiquid absorption systems that can bo powered by gas ha
or automotive exhaust waste heat. Although the performance projections are not quite as high as
those for the solid adsorption systems, tbe liquid R134a and ammonia absorption comprwsion systems
we extremely simple, inexpensive, and light weight. Furthermore, the systems are insensitive to
gravity vector changes, thus potentially fitting some mobile heat-activated applications, where some
perfo~ce can be sacrificed, but cost is criticai.

BACKGROUND

Since 1979, JPL h~s been involved in the development of cryogenic mrding systems for the
coding of infrared sensors used by NASA and the U.S. Dep~ment  of Defense. In particular, JPL
has been a leader in the development of solid sorption cryogenic refrigeration $ystems  to provide
cooling of inflared detectors for long life outer-planet missions, as well as for earth-orbiting
surveillance missions, Sorption compressors operate by sorbing a low pressure refrigeru-t onto solid
powders, typically near room temperature, and exhausting the refrigerant at high pressutt% when the
powder is heated an additions! 100 to 200 ‘C. When the high pressure refrigerant is preaied  and
expanded, it provideit  net refrigeration. Thus, simple heating and moling of the powders provide a
solid-state cooling system with essentially no wear-reiated moving parts. The basic operation is
shown in Figure 1, which has two sorbent  beds heisting (outgzssing high pressure refrigerartt) and two
sorbent MS ccwling  (adsorbing iow pressure refrigerant). Expansion of the precocded  retilgerant
through an expansion valve, or orifice, provides moling.



SORBENT/SORBATE COMBlNA710NS

XrI general, there are four broad catcgori~  of sorption refrigeration research that have been
cmnciuctd  at JPL. These are cryogenic sorption refrigeration (physical and chemical) and air
msditioning  sorption retilgeration system (solid adsorption and liquid absorption). A summary of

‘ the sorbenthorbate  combinations actually tested is shown in Table 1.

I ‘Table 1. Sorption Combination Testing at JPL

Cding Sorption Type Types Tested at JPL
CatexorY

cryogenic Phys”mrption C/Nz,  CKr, C/Ha, C/He

Chemisorption LaNi,.,S~.zH2,  LaNifi,, ZrNi/&
PrCeOx/Oz,

Air Conditioning Physjcal Adsorption C/NH~, C/R2Z, C/R134a

Liquid Absorption H,O/NH,,  SolventlR134a

A. Cryogenic Physiosorption  Systems

JPL has buiit and tested activated carbordnitrogt?n  (C/N~ systems for operation in the 100 to
120 K rangd’)$ C/Hz for 20 to 30 K cooling, and C/He for 4-5 K cooling.  These systems have
somewhat lirnitmi  applicability, however, since the C/Nz system requires heatsinking  to 225 K or
below, whtie the C/Hz system requires 80 K or below, and the C/He system requires heat rejwtion  at
20 K or beIow. Another cryogenic physiorption  system twted at JPL is a C/Kr systempl for cooling
in the 135 to 140 K region, when cnoled to at least 275 K. This system is quite viable, especially as
an upper stage cooler for an oxide chemiosorption  system (as will be discussed in a later section).
Over 16,000 hours of operation were accumulated cm a C/Kr system at JPL[’I.

B, Cryogenic Chemisorption  Systems

Among the cryogenic cooling chemisorption  systems tested are hydrides with hydrogen,
PrCeOx/(& (PCQ/OJ and Mn/Nz. Due to the very high temperatures required for the MrI/Na
reactions[n, generaiiy  above 800 “C, this system has seen little practical use, thus far. Tle oxide and
hydr$de systems, however, appear to have far more useful applications. The hydride work was begun
at JPL in 1979 and was modeled after work done by Van Mal et rd[q in the early 1970’s.

;.,...
In the early 1980’s, JPL fabricated and endurance tested a LaNi$/Hz  refiigeratofl for moling

to 20 to 30 K. This initial twting lasted about 500 hours and was followed by 3,000 cycles of
operation on a LaNi4,4Sr4JHz  system and 3,0W hours of operation on a zrNi/% system’4].  ~es~
Iattor two systems have bwn developed as a 25 K and 10 K stage, respectively, fbr a U.S. Defense
Program mission that is scheduled to fly on the Space Shuttle in December 1995.

‘l%e final cryogenic txmling chemisorption  system listed in Table 1 is that of prasecrdymium-
oarlurn*xide/oxygen  (PCO/0),  This unusual combination was originally diswwered by Mullhaupflq
(Union Carbide) to be of value in chemically separating oxygen from nitrogen in air. JPL la r tested

tthis combination and found that it wx uniquely qualified for providing woling in the 65 to 9 K
temperature regjonm.  This system rtquires a heat source of about 600 ‘C with a heat rejection
temperature of about 450 “C. A PCO/Oz  system was built and tested at H?L and accrued about
36,003 hours (80,000 cycles) of maintenance-free operation with no memrable performance
degdation,



Another LaNi,.#%t/112  system has been fabricated for a 25 K cooler on a National Science
Foundation Balloon Astronomy flight scheduled for the Arctic late in 1995,

Of particular interest in the oxide system is the use of a CKr stage for precooking the oxygen.
‘Xltia is shown schematically in Figure 2, with a thermoelectric cooler (TEC) providing preeooiing to
200 K for both aiwges.  The primary advantige of this type of system is that the PCO waste heat may
h ua&i to provide the entire heating requirement for the C/Kr stagti,  A heat-cascading compressor
has, in fact, been designed al JPL (Figure 3), although it has not yet been fabricated. Vacuum gss-
gap thermal switches separato  the PCO/Oz  and Kr/Oz stages from an outer  heat rejection jacket.

C. Adscqtion Air Conditioning

For ground air cxmditioning  applications, activated carbon has bem used with ammonia, R22,
and R134a as aorbates.  Xn general, the simpie sketch of Figure 1 has been found to be too inefllcieint
to compete with alternate heat pump technologies. To comwve  energy, a number of hast
regeneration techniques have been attempted, whereby the waste heat from the sorbwu bed is used m
heat another aorbent  bed. Shek#J and Tchernev[’ll  have devised a simple double-bed system, in
which a hot aorbent bed that is being cooled wiil pass its heat to a Nlant fluid whkh  then passes
through a huter  (to makeup for regeneration thermal losses) and then onto another sorbent bed. A
number of alternate techniques using four, six, or more btxls  have also been proposed.[lz’l~

Extensive studlca have been performed at JPL, which show that a four-bcxl  approach is much
more efficient than two beds, but that there is not a significant advantage in using more than four
kis.[t~)$  In particular, a patented four-bed approach (Figure 4) will use a fluid (water or oil) to
transfer hot and ald therm&i  wav~.[lG]  In addition, it has been discovered that significant
performance improvement can be amined  if the coolest sorbent bed is sled fmher at the end of
each quarter cycie without regenerating the fluid through the other three sorbemt  beds. With this type
of “bottoming,’ the JPL models have predicted a mefflcient of performance (COP) of 1.0 for a
3S ‘C day using ammonia adsorbed on activated carbon, The COP, using Freon-12 replacement fluid
R134a,  has bean predieted  to be about 0.8. These predictd  e~lciencies are higher than any other
single stage heat-powered air umditioning  systems presently on the market.

In order to confirm the analytical toois, a single compact sorbent bed was fabricated and
tested  In both heating and cooling modes. The sorbent bed (Figure 5) consisted of activated carbon
with a binder that was molded into a finned aluminum tube extrusion (patent pendingl’~).  Pressurized
water was sekttxi  as the heating and cooling means. A holiow uilage volume in the center of the
water stream allowed enhanced fluid heat transfer @efficient.s. The transient thermal @t results
showed very good correlation to analytical predictions,ll~  although full system COP w= not able to
be measured with only one sorbent  bed. Of the three refrigerants that were tested (R22, R134a,  and
tunnmnia), ammonia was almost three times superior to the others and yielded 1038 BITJ/hr  (304 W)
cooiing for only a 0.51 kg carbon bed.

This tinoiogy[141n has now been spun off and is being licensed by Aerojet  Generai to
provide 7.2 tons (25.3 kW) of air conditioning for a Los Angeles County subway car. For this
application, the en!lre amprtisor  heater power will be derived from the subway train’s electm-
redstive brake waste heat. The subway car sorption air conditioning im~tallation  is schdki to occur
in 19%. Tlis same technology is also being ewduated by Aerojet to provide high-eftlciency  air
eonditiotdng systems for home and umunerciai  applications,

D. Liquid Absorption Air Conditioning

Liquid absorption systems perform very similarly in principle to solid sorption systems,
exeept that the liquid moves through the unit. A typical liquid absorption system is shown in
Figure 6. bw pressure ammonia is absorbed into water in the absorber part of the unit. It is then
pumped to a high pressure and passes through a heat exchanger into a hot gas generator section. The

/



ammonia deaorbes at high pressure from the water, and most of the water vapor is distilled out of the
ammonia in the rectifier. The depleted liquid solution then passes back to the absorber where it is
cooled and ready to absorb low pressure ammonia.

Liquid absorption systems have both advantages and disadvantages compared to solid sorption
systems. For ammonia systems, water will absorb about three times as much ammonia by weight as
the W caxbon adsorbent. Although heat transfer is easier for liquid systems, the mass transfer of
refkigaaat  back into liquid solution is more difficult. A very large woled surface area is typically
required to enhance liquid/gas absorption, and this surface area is usually very sensitive to motion
andlor gravity.

Resxnt.ly, the Southern California Gas Company fimded JPL to develop a high performance
liquid absorption aystern that can be wmpact enough to fit into a typicat  window unit air conditioning
unit for woling multiunit dwellings, JPL has now fabricated a bench-model, proofmf-principle liquid
absorption unit that may be ~mpact enough for window ah conditioning units.

The actual dedgn  is still  proprietary, but the unit promises to be low cost, lightweight,
reasonably efficient, and motion insensitive. Preliminrq  tests will be performed in 1995 using a
waterhmmonia  eambination in the apparatus. Subsequent funding by Ford Automotive will have
allowed tXing  of R134a absorbed into a number of organic solvents. The intent is to develop air
conditioning units for cars that can be powered by automotive exhaust waste heat.

Although all testing is to be performed in a stainless steel apparatus, actual cmmnercial
fabrication of ammonia units would ecmsist  of mild steel with appropriate carrosion inhibitors. R134a
units could be fabricated from inexpensive ahminum alloys.

SUMMARY AND CONCLUSIONS

JPL has long recognized the virtues of sorption refrigeration for long-life, maintenance-free
ard vibration-free operation in space. One cryogenic sorption system that looks particularly attractive
is PCO/08  for chemisorption  woling  to 65 to 90 K, especially with a C/Kr physisorption upper stage
that can be powercxl entirely by the PCO waste heat. Another sorption cryogenic combination that
looks especially attractive and that will be flown in the Space Shuttle later this year is a
LeNi#t$#2  system for woling to 25 K, with a ZrNi~ system for woling  to 10 K. All of the
above systems, fabricated for NASA and the U,S. Defense Department, have been life-tested for
many thousands of hours at JPL, and all can have heat rejection temperature at about room
temperature or above.

In the area of physical adsorption air conditioning, one system that has been reeently tested at
JPL ad that looks very attractive is a carbonhmnmnia  (C/NH system that uses a water fluid loop to
regenerate waste heat from one C/NHj sorption compressor to the next. Recently this system was
licensed to Aerojet Corporation, and a 7.2 ton (24.6 kW) system will be fabricated for the La
Angeles County Metrorail Subway System, Special safety features are being incorporated to prevent
any accidental leakage of ammonia from the system.

In the area of liquid  absorption refrigeration, systems that use ~0/NH, and Solvent/R134a
are being tested at JPL. Although these absorption system designs are proprietary, some
improvements over umventicmal absorption systems include significant miniaturization and wst
raduettott in the absorber. ~enerator, and heat transfer/mass transfer areas. Potential applications fbr

air wmditioning  for automobiles.
the HzO/NH, system are f;r use in window air conditioners, and for the Solvent/Rl 34a system are for
w in exhaust-heat powered
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